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A. BARTL AND S. HESSELBACH
Institut fu¨r Theoretische Physik, Universita¨t Wien, A-1090 Vienna, Austria
We first discuss the basic features of electroweak 1-loop corrections in the Standard
Model. We also give a short and elementary review on Higgs boson searches, grand
unification, supersymmetry and extra dimensions.
1. Introduction
The Standard Model (SM) is our present theory of the fundamental inter-
actions of the elementary particles. It includes quantum chromodynamics
(QCD) as the theory of the strong interactions and the Glashow-Salam-
Weinberg (GSW) theory as the unified theory of the electromagnetic and
weak interactions. Both QCD and GSW theory are non-Abelian gauge the-
ories, based on the principle of local gauge invariance. The gauge symmetry
group of QCD is SU(3) with colour as the corresponding quantum number,
that of the GSW theory is SU(2)× U(1) with the quantum numbers weak
isospin and hypercharge. The gauge symmetry group of the GSW theory
is spontaneously broken by the Higgs mechanism from SU(2) × U(1) to
the electromagnetic U(1).1 According to the gauge symmetry groups there
are eight massless gluons mediating the strong interactions, one massless
photon for the electromagnetic interaction and three vector bosons W±
and Z0 for the charged and neutral weak interactions. The weak vector
bosons aquire their masses by the spontaneous breaking of the electroweak
symmetry group.
The matter particles have spin 12 and are grouped into three families
of quarks and leptons. The fermions appear as left-handed and right-
handed states, except for the neutrinos which in the SM are only left-
handed and massless. The left-handed fermions are grouped in isodou-
blets, the right-handed fermions are isosinglets. The quark generations are
mixed by the charged weak currents. This quark mixing is described by
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The Glashow-Iliopoulos-
Maiani (GIM) mechanism guarantees the absence of flavour changing neu-
1
2tral currents (FCNC) at tree level. In QCD the coupling of the gluon to the
quarks is flavour independent (“flavour-blind”). The flavour dependence in
the SM is essentially due to the quark mixing. To emphasize this aspect of
the flavour dependence this part of the GSW theory is also called quantum
flavour dynamics (QFD). Note that in the present formulation of the SM
there is no mixing between lepton families. While this is true to a high ac-
curacy for the charged leptons, we know that it is not true for the neutrino
sector because neutrino oscillations occur.2
The spontaneous breaking of the electroweak symmetry is achieved by
introducing one doublet of complex scalar Higgs fields. This is the minimum
number of Higgs fields necessary to spontaneously break the SU(2)×U(1)
symmetry and to introduce the mass terms for all particles apart from the
neutrinos. After spontaneous symmetry breaking there remains one neutral
scalar Higgs particle as physical state. The other three scalar fields become
the longitudinal components of the massive W± and Z0 bosons.
The SM is phenomenologically very successful. Highlights of the ex-
perimental development were the discoveries of the W± and Z0 bosons,
the τ lepton, the heavy quarks and the gluon at the large accelerator cen-
tres CERN and DESY in Europe, BNL, FNAL and SLAC in the USA.
At present the SM can reproduce all accelerator-based experimental data.
The gauge sector of the SM has been extremely well tested. If radiative
corrections are included, the theoretical predictions are in very good agree-
ment with the data of LEP, SLC, Tevatron and HERA.3 Some observables
have been measured with an error of less than one per mille, the theoretical
predictions have a similar accuracy. However, the Higgs sector has up to
now not been sufficiently well tested. In particular, the Higgs boson has not
been found yet. Our theoretical ideas about the spontaneous electroweak
symmetry breaking have still to be verified. If the Higgs mechanism of the
SM is the right way of electroweak symmetry breaking, then we know from
the direct searches at LEP that the mass of the Higgs boson has the lower
bound mh > 114.4 GeV.
3,4
Despite its phenomenological success it is generally believed that the
SM is just the low-energy limit of a more fundamental theory. Obviously,
the SM in its present form cannot describe the recent experimental results
on neutrino oscillations, which are only possible if the neutrinos have mass.
Several theoretical ideas have been proposed for introducing neutrino mass
terms. For a review we refer to Ref. 2.
We have also theoretical arguments for our believe that the SM has
to be extended. One attempt is to embed the SM into a grand unified
3theory (GUT) where all gauge interactions become unified at a high scale
MGUT ≈ 1016 GeV. Another extension of the SM is provided by supersym-
metry (SUSY), which is probably the most intensively studied one so far.
Other modifications are composite models, technicolour, strong electroweak
symmetry breaking, little Higgs etc. In recent years the idea of “large extra
dimensions” has been proposed and intensively studied, which could also
provide a solution of some of the theoretical flaws of the SM. All these
extensions of the SM will be probed at the Large Hadron Collider LHC,5
which is presently under construction at CERN and will start operating in
the year 2007. In the last decade the design of an e+e− linear collider has
been intensively studied.6 At such a machine all extensions of the SM could
even be more precisely tested.
In this series of lectures we will first review the basics of electroweak
radiative corrections in the SM and then present a short comparison with
the experimental data. Then we will briefly discuss how to search for the
Higgs boson in e+e− collisions and at pp¯ and pp colliders. In the following
sections we will discuss some aspects of physics beyond the SM. We will
shortly treat GUTs, then give a phenomenological introduction to SUSY
and close with some remarks about large extra dimensions.
2. Standard Model Physics
The SM is a renormalizable quantum field theory because QCD and the
GSW theory are gauge theories. This enables us to calculate the theoretical
predictions for the various observables with high accuracy. In the last years
both the QCD and the electroweak 1-loop corrections for all important
observables have been calculated. For some observables even the leading
terms of the higher order corrections are known. Moreover, also the QCD
corrections to a number of electroweak processes as well as the electroweak
corrections to some QCD reactions have been calculated. Comparison with
the precision data of LEP, SLC, Tevatron and HERA allows us to test the
SM with high accuracy. In the following subsection we give a short review
of the electroweak 1-loop corrections, essentially following the treatments
of Refs. 7, 8.
2.1. Electroweak Radiative Corrections
The Lagrangian of the SM follows from the construction principles for gauge
theories. It consists of the gauge field part, the fermion kinetic terms, the
gauge interaction terms of the fermion fields, the kinetic and potential terms
4of the Higgs doublet, the gauge interaction of the Higgs doublet, and the
terms for the Yukawa interaction between the fermion and the Higgs field.
Their explicit form will not be given here, but can be found, e. g., in Ref. 1.
The Higgs sector of the SM, after spontaneous symmetry breaking, gets
the following shape: the Higgs fieldsH+, H+∗ and ImH0 become the longi-
tudinal components ofW± and Z0. After the shift ReH0(x) = 1√
2
(v+h(x))
the real scalar field h(x) becomes the physical Higgs field. Its Lagrangian
can be brought into the form9
LHiggs = 12 (∂µh)(∂µh)− 12m2hh2
[
1 +
h
v
+
1
4
(
h
v
)2]
−
∑
f
mf
v
f¯f h
+
(
2
h
v
+
h2
v2
)[
m2WW
+
µ W
−µ + 12m
2
ZZµZ
µ
]
, (1)
where the physical Higgs boson mass at tree level is m2h = 2λv
2, with λ
being the quartic coupling constant in the original Higgs potential. Eq. (1)
determines all properties of the SM Higgs boson. It has cubic and quartic
self–interactions whose strengths are proportional to m2h. Its couplings to
the vector bosons W±, Z0, and to fermions f are proportional to m2W ,
m2Z , and mf , respectively. Therefore, the Higgs boson couples dominantly
to the heavy particles. The Higgs boson mass mh is experimentally not
known. In the analyses it is usually treated as a free parameter of the SM.
The weak vector bosonsW± and Z0 get masses by the Higgs mechanism,
which are
m2W =
1
4
g2v2 , m2Z =
1
4
(g2 + g′2)v2 =
m2W
cos2 θW
, (2)
where g and g′ are the SU(2) and U(1) coupling constants, θW is the
electroweak mixing or Weinberg angle, g′/g = tan θW , and v is the vacuum
expectation value (vev) of the H0 component of the Higgs field. The photon
and Z0 are linear combinations of the neutral SU(2) and U(1) vector bosons
with mixing angle θW , and the electromagnetic coupling is e = g sin θW .
Comparison with the muon decay µ+ → e+νeν¯µ leads to the relation
1√
2
Gµ =
g2
8m2W
=
e2
8m2W sin
2 θW
, (3)
where Gµ is the Fermi coupling constant. Inserting the experimental
values3,10
Gµ = (1.16637± 0.00001)× 10−5 GeV−2 , (4)
sin2 θW = 0.23149± 0.00015 (5)
5together with the fine structure constant α = e
2
4π = 1/137.03599911(46) into
Eqs. (2) and (3) gives mW ≈ 77.5 GeV, mZ ≈ 88.4 GeV, and v ≈ 246 GeV.
These results for the vector boson masses are already very close to their
experimental values, and historically this was one of the first triumphs of
the SM. However, when compared with the recent experimental values with
very small errors3,10,
mW = 80.425± 0.038 GeV , mZ = 91.1876± 0.0021 GeV , (6)
the theoretical values disagree by several standard deviations. This shows
that the tree–level relations Eqs. (2) and (3) are not accurate enough, and
that the electroweak loop–corrections have to be taken into account.
The high precision experiments at LEP, SLAC, and Tevatron have mea-
sured some of the electroweak observables with a very high accuracy.3,10,11
For example, the Z0 mass is known to 0.002%, the W± mass, the Z0 width
ΓZ , and some of the partial widths Γ(Z
0 → f f¯), are known to about 0.1%.
Some of the forward–backward asymmetries AFB and left–right polarisa-
tion asymmetries ALR for e
+e− → f f¯ are also measured with very high
experimental accuracy. In comparison, the electroweak radiative correc-
tions are usually of the order of 1%, with a numerical accuracy of about
0.1%. This means that we can only get a theoretical accuracy comparable
to the experimental one by taking into account the electroweak radiative
corrections.
The analysis of the electroweak radiative corrections provides very ac-
curate tests of the SM and leads to substantial restrictions on the allowed
range of the Higgs boson mass. The O(α) electroweak corrections at 1–
loop level arise from self–energy diagrams, vertex corrections and box di-
agrams. They affect the basic SM parameters in characteristic ways. The
self–energy diagrams of the vector bosons play a special role. The vac-
uum polarisation diagrams with charged lepton pairs and light quark pairs
in the loops lead to a logarithmic q2 dependence of the electromagnetic
coupling. The bulk of the 1–loop corrections can be taken into account
by including this q2–dependence in an effective α(q2). At q2 = m2Z this
gives α(m2Z) = 1/(128.939± 0.024), where the error is mainly due to the
uncertainty in the hadronic contribution to the vacuum polarisation.12
The self–energy diagrams of the vector bosonsW± and Z0 lead to shifts
of their renormalised masses m2Z → m2Z + δm2Z , and m2W → m2W + δm2W .
At tree–level we have the relation sin2 θ
(0)
W = 1−m2W/m2Z . At higher orders
6it is useful to define the effective electroweak mixing angle
sin2 θW =
1
4|qf |
(
1− gV f
gAf
)
, (7)
where qf is the electric charge and gV f/gAf the ratio of the vector and the
axial vector couplings of the fermion f .
The parameter ρ is introduced for comparing the SM predictions with
the weak charged and neutral current data. It is defined as the ratio between
the neutral and charged current amplitudes. In the SM at tree–level ρ =
m2W /(mZ cos θW )
2 = 1. If higher order corrections are taken into account,
or in modifications of the SM, we may have ρ 6= 1. The deviation from 1,
∆ρ is a measure of the influence of heavy particles. ∆ρ can be expressed in
terms of the vector boson self–energy contributions. The main SM 1–loop
contribution was calculated in Ref. 13 and is
∆ρ ≃ 3Gµm
2
t
8π2
√
2
+O
(
m2b
m2t
)
, (8)
where mt and mb are the top and bottom quark masses. Some of the 2–
loop corrections to ∆ρ have also been calculated.7,8 They can be of the
order of 10% of the 1–loop contribution Eq. (8). Experimentally we have14
∆ρ = (5.4±1.0)×10−3. As can be seen from Eq. (8), the main contribution
to ∆ρ comes from heavy particle loops.
The analysis of the decay µ → eνeνµ leads to a relation between mZ ,
mW , and the Fermi coupling constantGµ, which at tree–level is given in Eq.
(3). This relation is modified when the electroweak radiative corrections to
µ→ eνeνµ are taken into account:
m2W
(
1− m
2
W
m2Z
)
=
πα√
2Gµ
· 1
1−∆r (9)
with
∆r =
1
2
∆α
α
− m
2
W
m2Z(1− m
2
W
m2
Z
)
∆ρ . (10)
This shows that the main part of the radiative corrections to the tree-
level relation (3) is contained in the quantity ∆r. There are additional
contributions from vertex corrections and box diagrams. Numerically ∆r
is in the range 0.04 to 0.07. Analogous to ∆ρ, the main contributions to
∆r come from heavy particle loops.
In the analysis of the precision data of LEP one usually proceeds in the
following way:7,8,14 The SM parameters α, Gµ, mZ , (see Eqs. (4), (5) and
7(6)), the strong coupling αs(mZ) = 0.1187±0.0020, andmh are taken as the
main input parameters, and the quantities mW and sin
2 θW are calculated
with the help of Eqs. (7) to (10). Also the other Z–boson observables are
calculated including the electroweak radiative corrections. The Higgs boson
mass mh is not known and it is taken as a free parameter and varied in the
allowed rangemh < 1 TeV. In general, very good agreement between theory
and experiment is obtained. This can also be illustrated in Fig. 1 from
Ref. 15, where the theoretical relation between the W± mass mW and the
top quark mass mt in the SM (lower band) together with the experimental
error ellipses from LEP/Tevatron, Tevatron/LHC and the GigaZ option
of an e+e− linear collider are shown. This theoretical relation between
mW and mt is due to the radiative corrections to the W
± boson mass,
where the loops involving the top quark play a special role. The leading
corrections depend quadratically on mt and logarithmically on the Higgs
boson mass mh. While in this calculation essentially all basic electroweak
parameters enter, mW depends very significantly on mt and on mh. The
width of the SM band is mainly due to the variation of the Higgs boson
mass in the range 113 GeV . mh . 400 GeV. If the Higgs boson mass is
left as a free parameter and a global fit to the precision data is performed,
the best fit is obtained for the value mh = 114
+69
−45 GeV, or equivalently,
mh < 260 GeV at 95% confidence level.
16 This result is consistent with the
present experimental lower bound from LEP2, mh > 114.4 GeV.
3,4
From this analysis we learn that a heavy particle can be probed when
it appears in the virtual loops of the quantum corrections. As these loop
effects influence some of the measurable observables, it may be possible
to derive limits on the allowed mass range of this heavy particle. This is
possible although the energy is not high enough to directly produce the
heavy particle in experiment. The prize to be paid is, of course, high
precision in experiment as well as in the theoretical calculation.
2.2. Higgs Boson Searches
For a complete verification of the SM and its electroweak symmetry break-
ing mechanism we have to find the Higgs boson. In the preceding section
we have seen that consistency of the SM with the existing precision data
requires mh < 260 GeV. Combining the final results from LEP2 of the four
experiments ALEPH, DEPLPHI, L3 and OPAL a lower bound for the SM
Higgs boson mass of 114.4 GeV at 95% confidence level arises.3,4 A con-
siderable part of the allowed mass range for the Higgs boson is within the
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Figure 1. The present experimental accuracy for mW and mt after the experiments
at LEP and Tevatron (large ellipse) and the expected accuracies at Tevatron + LHC
(medium size ellipse) and LC + GigaZ (small ellipse). The upper and lower bands
show the predictions of SM and MSSM, respectively, where the small intermediate band
denotes the overlap between the predictions of SM and MSSM. From Ref. 15.
reach of Tevatron. A full coverage of this mass range will be provided by
LHC and a future e+e− linear collider or muon collider. The search for the
Higgs boson, therefore, has high priority at all present and future colliders.
In this section we will discuss the principle ideas of Higgs boson searches
at the Tevatron, LHC and a future e+e− linear collider.
The main production mechanisms at hadron colliders are gluon–gluon
fusion, WW or ZZ fusion, associated production with W or Z and as-
sociated production with tt¯ or bb¯.17 At the pp¯ collider Tevatron with√
s = 2 TeV the most relevant production mechanism is the associated
production with W or Z bosons, where a detectable rate of Higgs events
is expected for mh = 120 GeV and an integrated luminosity
∫ L = 2 fb−1.
For example, a clear signature is expected for the reaction18
p+ p¯→W± + h→ ℓ± + (qq¯) + pTmiss (11)
where 85% of the qq¯ pairs are bb¯, and the νℓ from W
± → ℓ±νℓ, ℓ = e, µ is
reconstructed from the missing transverse momentum pTmiss. The WW or
ZZ fusion cross sections are slightly smaller for mh . 150 GeV. The cross
sections for associated production with tt¯ or bb¯ are rather low.
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Figure 2. Feynman diagrams for the Higgsstrahlung and WW fusion production mech-
anisms of SM Higgs bosons in e+e+ annihilation.
The dominant production mechanism at the LHC with
√
s = 14 TeV is
gluon–gluon fusion with a cross section & 10 pb for mh < 260 GeV. The
cross section for WW or ZZ fusion is of the order of a few pb, whereas
the cross sections for the associated productions with gauge bosons or tt¯,
bb¯ may contribute for lower Higgs masses.
The search for the Higgs boson will also have a very high priority at
a future linear collider.6 The production of a SM Higgs boson in e+e−
annihilation can proceed via “Higgsstrahlung” e+e− → Zh, WW fusion
e+e− → νeν¯eh, and ZZ fusion e+e− → e+e−h. At
√
s = 500 GeV the
Higgsstrahlung process dominates for mh & 160 GeV, whereas for mH .
160 GeV the WW fusion process gives the largest contribution. The higher√
s the more important is the WW fusion process. The Feynman diagrams
for the Higgsstrahlung and the WW fusion processes are shown in Fig. 2.
Only for
√
s & 800 GeV the ZZ fusion process can contribute about &
10% of the total production rate. If mh . 260 GeV as suggested by the
electroweak precision data, an optimal choice for the c.m.s. energy is
√
s ≈
350 – 500 GeV.
In conclusion one can say that there are some prospects of finding the
Higgs boson at the Tevatron. The LHC will cover the full mass range up to
mh ≈ 1 TeV. Precise determinations of all important Higgs boson couplings
will be possible at a future e+e− linear collider or muon collider.6,18
3. Grand Unification
We can study the scale dependence of the three gauge coupling “constants”
with the help of the renormalization group equations (RGE). If we evolve
the strong, electromagnetic and weak coupling constants to higher energy
scales, they become approximately equal at MU ≈ 1014 GeV to 1016 GeV,
the grand unification scale. This behaviour of the gauge coupling constants
10
suggests that the SM is embedded into an underlying grand unified theory
(GUT). If we assume that this GUT is also a gauge theory, its symmetry
group has to be semi-simple and it has to contain SU(3) × SU(2) × U(1)
as a subgroup. The GUT gauge group is unbroken at energies higher than
the GUT scale MU , and is spontaneously broken to the SM gauge group
at lower energies. The smallest semi-simple GUT group with rank 4 is
SU(5). Other possible choices are SO(10), E(6) etc. In this section we will
shortly mention the basic features of SU(5) and SO(10) grand unification
(for other examples see Refs. 19, 20, 21).
In the SU(5) GUT model the 15 helicity states of each family of quarks
and leptons are put into the 5¯ (eL, νeL, d
C
iL, i = 1, 2, 3) and 10 (e
C
L , uiL,
uCiL, diL, i = 1, 2, 3) representations. Here the right–handed states fR
are written as the charge conjugate left–handed states fCL , and i = 1, 2, 3
denotes the three colours of the quarks. Furthermore the SU(5) GUT
model contains 24 vector bosons corresponding to the 24 generators of the
Lie group SU(5), i.e. the gluons, the electroweak gauge bosons and 12 new
coloured and charged gauge bosons called X and Y which are leptoquarks
and diquarks. The spontaneous breaking of SU(5) can be achieved in a
two-step procedure. In a first step a 24 multiplet of scalar Higgs fields with
masses O(MU ) breaks SU(5) to the SM group SU(3)× SU(2)× U(1). In
a second step the SM group is broken to SU(3)×U(1) by a 5 multiplet of
Higgs fields with masses O(mZ).
The gauge bosons X have couplings of the form Xℓq with leptons and
quarks and can therefore induce proton decay, for example, p→ π0e+. The
mass of the vector bosons X has to be of the ordermX ≈MU . The order of
magnitude for the proton lifetime can be estimated as τ−1p ≈ α2Um2p/m2X ,
where mp is the proton mass. In the non-supersymmetric SU(5) GUT
model with MU ≈ 1014 GeV one obtains τp ≈ 1030 years, whereas the
present experimental lower bound for the proton lifetime is τp > 1.9 ×
1033 years. In the supersymmetric SU(5) GUT model the unification scale
turns out to be MU ≈ 1016 GeV. This leads to a larger value for the
proton lifetime, which is in agreement with the experimental lower bound
although the parameter space of the supersymmetric SU(5) GUT is tightly
constrained.22
The supersymmetric SO(10) GUT model has a number of additional
desirable features compared to SU(5).21,23 For example, the 15 helicity
states of quarks and leptons together with a SM gauge singlet right-handed
neutrino state leading to nonzero neutrino masses are included in one 16
representation of SO(10). Furthermore the SO(10) GUT model can solve
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the SUSY CP and R-parity problems because it is left-right symmetric.
There are many ways to break SO(10) down to the SM, details can be
found in Ref. 21.
4. Supersymmetry
Supersymmetry (SUSY) is a new symmetry relating bosons and fermions.
The particles combined in a SUSY multiplet have spins which differ by
1
2 . This is different from the symmetries of the SM or a GUT where all
particles in a multiplet have the same spin (for an introduction to SUSY
see e.g. Ref. 24).
SUSY is at present one of the most attractive and best studied exten-
sions of the SM. The most important motivation for that is the fact that
SUSY quantum field theories have in general better high–energy behaviour
than non–SUSY ones. This is due to the cancellation of the divergent
bosonic and fermionic contributions to the 1-loop radiative corrections. A
particularly important example is the cancellation of the quadratic diver-
gencies in the loop corrections to the Higgs mass. This cancellation mech-
anism provides one of the best ways we know to stabilize the mass of an
elementary scalar Higgs field against radiative corrections and keep it “nat-
urally” of the order O(mZ).
Practically all SUSY modifications of the SM are based on local N = 1
SUSY. In the “minimal” SUSY extension of the SM a hypothetical SUSY
partner is introduced for every known SM particle. The SUSY partners of
the neutrinos, leptons, and quarks are called scalar neutrinos ν˜, left and
right scalar leptons ℓ˜L, ℓ˜R, and left and right scalar quarks q˜L, q˜R, respec-
tively. They have spin 0. The SUSY partners of the gauge vector bosons
have spin 12 and are called gauginos. The photino γ˜, W
±-ino W˜±, Z-ino Z˜,
and gluino g˜ are the partners of γ, W±, Z0, and the gluon, respectively. In
the local version of SUSY the graviton gets a spin– 32 SUSY partner, called
gravitino. Furthermore, at least two isodoublets of Higgs fields Hi, i = 1, 2,
have to be introduced, together with their SUSY partners, the higgsinos
H˜i, i = 1, 2, which have spin
1
2 . In this way the anomalies in the triangular
loops cancel. The model obtained in this way is the Minimal Supersymmet-
ric Standard Model (MSSM).25 In the “next-to-minimal” SUSY extension
of the SM (NMSSM) an additional Higgs singlet and the corresponding
higgsino are introduced (see for example Ref. 26 and References therein).
The gauginos and higgsinos form quantum mechanically mixed states.
The charged and neutral mass eigenstates are the charginos χ˜±i , i = 1, 2,
12
and neutralinos χ˜0i , i = 1, . . . 4, respectively. The left and right states of
the scalar fermions are also mixed, with a mixing term proportional to the
corresponding fermion mass. Therefore, the mass eigenstates of the first
and second generation scalar fermions are to a good approximation the left
and right states. However, there may be strong left–right mixing in the
sector of the scalar top and bottom quarks and the scalar tau lepton.
If SUSY was an exact symmetry, then the masses of the SUSY partners
would be the same as those of the corresponding SM particles. This is evi-
dently not observed in nature, therefore, SUSY must be broken. Essentially,
the idea is to break local SUSY spontaneously at a high energy scale.27 The
result is the global SUSY Lagrangian plus additional “soft SUSY–breaking
terms”, which are mass terms for the SUSY partners, and additional tri-
linear coupling terms for the scalar fields.19,20,25 Further assumptions are
necessary to fix the additional soft–breaking parameters. For example, we
can assume that at the GUT scale MU all scalar SUSY partners have the
same mass M0, all gauginos have a common mass M1/2, and all trilinear
couplings of the scalar fields have a common strength A0. We obtain their
values at the weak scale by evolving them with the RGEs from Q = MU
to Q ≈MZ .28 The model obtained in this way is called constrained MSSM
(CMSSM) or minimal supergravity-inspired model (mSUGRA). In Fig. 3
we show an example where we plot the gaugino mass parameters M1, M2,
M3 as a function of the scale Q.
Radiative electroweak symmetry breaking is a further attractive fea-
ture of SUSY. This can be achieved by exploiting the logarithmic scale
dependence of the squares of the masses of the Higgs fields H01 and H
0
2 .
Starting at the scale Q =MU with the mass valuesM
2
H1
=M2H2 =M
2
0 and
evolving to lower energies, it turns out that M2H2 can become negative at
Q ≈ MZ . The reason is that M2H2 gets large negative contributions from
the top–quark loops. In this way spontaneous breaking of the electroweak
symmetry is induced. H01 and H
0
2 get vev’s 〈H0i 〉 = 1√2vi, i = 1, 2, and the
vector bosons get massesm2W =
1
4g
2(v21+v
2
2) andm
2
Z =
1
4 (g
2+g′2)(v21+v
2
2).
This mechanism works because the top–quark mass is much larger than the
other quark masses (as one can show mt > 60 GeV must be fulfilled). Fur-
thermore, the mass difference between the SM particles and their SUSY
partners must be less than about 1 TeV.
The Higgs sector of the MSSM contains five Higgs bosons, the CP–
even h0 and H0, the CP–odd A0, and a pair of charged ones, H±.30 An
important prediction of the MSSM is that the mass of the lighter CP–
even state h0 is always mh0 < mZ at tree–level. There are large radiative
13
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Figure 3. Evolution of the gaugino mass parameters Mi from low to high scales. From
Ref. 29.
corrections which change this prediction tomh0 . 140 GeV.
31,32 Comparing
with the discussion in subsection 2.1 we see that this prediction for mh0 lies
within the allowed range for the Higgs boson mass obtained in the analysis
of the electroweak precision data. We note in passing that some SUSY
parameters may be complex and induce CP-violating effects, for example,
mixing between the CP-odd A0 and the CP-even h0 and H0.32,33
It turns out that the unification of the three gauge couplings works
better in the MSSM than without SUSY.28 We illustrate this in Fig. 4,
where we plot the gauge couplings in the MSSM as a function of the energy
scale. The evolution in the MSSM is different from that in the SM, because
the RGEs of the MSSM contain also the contributions from the SUSY
particles. In the MSSM the unification scale turns out to be of the order
MU ≈ 2 × 1016 GeV, provided the masses of the SUSY particles are not
much larger than approximately 1 TeV.
The experimental search for SUSY particles has a high priority at
present colliders and will become even more important at LHC and the
future e+e− linear collider ILC. In the discussion of the possible signatures
one has to distinguish the two cases whether the multiplicative quantum
number R-parity RP = (−1)3B+L−2S is conserved or violated. SUSY par-
ticles have RP = −1 and ordinary particles have RP = +1. If RP is
conserved, then there exists a lightest SUSY particle (LSP) which is stable.
Cosmological arguments suggest that it is neutral and only weakly inter-
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Figure 4. (a) Running of the inverse gauge couplings from low to high energies. (b)
Expansion of the area around Q = 1016 GeV. The wide error bands are based on present
data, and the spectrum of supersymmetric particles from LHC measurements within
mSUGRA. The narrow bands demonstrate the improvement expected by future GigaZ
analyses and the measurement of the complete spectrum at “LHC+LC”. From Ref. 29.
acting. It is an excellent candidate for dark matter. We assume that the
lightest neutralino χ˜01 is the LSP, which in the CMSSM holds in most of
the parameter space. In experiment the LSP behaves like a neutrino and
its energy and momentum are not observable. Therefore, in the RP con-
serving case the characteristic experimental signatures for SUSY particles
are events with missing energy Emiss and missing momentum pmiss.
In the RP violating case the SUSY Lagrangian contains additional terms
which are allowed by SUSY and the gauge symmetry, but are lepton number
violating and/or baryon number violating. Consequently, the LSP is not
stable and decays into SM particles. Therefore, in the RP violating case
the Emiss and pmiss signature is in general not applicable. However, due to
the decay of the LSP there are more leptons and/or jets in the final state.
At an e+e− collider the main signature for RP violation is, therefore, an
enhanced rate of multi-lepton and/or multi-jet final states. If the mean
decay length of the LSP is too large and it decays outside the detector,
then its energy and momentum remain invisible and the Emiss and pmiss
signature is again applicable. If the LSP decays within the detector and
the decay length is long enough, then displaced vertices may occur, which
then provide a further important observable for RP violating SUSY. At a
hadron collider the situation may be more involved. If the lepton number
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violating terms dominate over the baryon number violating ones, then the
enhanced number of multi-lepton final states is again a good signature.
RP violating SUSY can also provide a viable framework for non-
vanishing neutrino masses and a quantitative description of the present
data on neutrino oscillations. This is a very attractive feature of RP violat-
ing SUSY, which in its bilinear formulation can be shortly described in the
following way (for a review see Ref. 34): As lepton number is not conserved,
the neutrinos mix with the neutralinos and the charged leptons mix with
the charginos, where the amount of mixing depends on the RP violating pa-
rameters. In bilinear RP violating SUSY one neutrino gets a non-vanishing
mass already at tree level, while the other two neutrinos get their masses at
1-loop level. In this way “small” neutrino masses are obtained and the data
on neutrino oscillations can be quantitatively described. After fixing the
RP violating parameters by the solar and atmospheric neutrino data, the
RP violating decay widths of the SUSY particles can be predicted. This
means that the low energy phenomena in the neutrino sector are linked to
the SUSY particle sector, which we expect to probe at high energy colliders.
At LEP no supersymmetric particles have been found.35 This implies
lower mass bounds which are mχ˜±
1
> 103.5 GeV (for mν˜e > 300 GeV),
me˜ > 99.9 GeV, mµ˜ > 94.9 GeV, mτ˜ > 86.6 GeV, mt˜ > 95 GeV and
mb˜ > 94 GeV. The limit on the mass of χ˜
0
1 is model dependent. Within the
CMSSM the non–observation of charginos and neutralinos excludes certain
CMSSM parameter regions. From these follows the limit on the χ˜01 mass
mχ˜0
1
> 50.3 GeV. The non–observation of Higgs bosons leads to the mass
limits mh0 > 92.9 GeV and mA0 > 93.3 GeV in the CP-conserving MSSM
with real parameters. In the CP-violating MSSM with complex parameters
no universal lower bound for the masses of the neutral Higgs bosons can be
defined.36
At the Tevatron the strong interaction processes of gluino and squark
production, pp¯→ g˜g˜, g˜q˜, q˜ ¯˜q, are the SUSY reactions with the highest cross
sections. Gluinos and squarks may have cascade decays which start with
g˜ → qq¯χ˜0i , qq¯′χ˜±i , q˜ → qχ˜0i , q˜ → q′χ˜±i , and continue until the LSP χ˜01 is
reached. Suitable kinematical cuts are necessary to distinguish a possible
signal from the huge SM background. The present gluino and squark mass
limits aremg˜ & 400 GeV, and mq˜ & 250 GeV if mq˜ ≈ mg˜, mq˜ & 200 GeV if
mg˜ ≈ 500 GeV whereas for mg˜ & 560 GeV no limit on the squark mass can
be obtained from measurements at Tevatron.37 For t˜1 and b˜1 the mass limits
are different: mt˜1 & 115 GeV provided mχ˜01 . 50 GeV and mb˜1 & 140 GeV
providedmχ˜0
1
. 70 GeV, respectively.35 Another interesting SUSY reaction
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which can be studied at the hadron colliders is pp¯→ χ˜±1 χ˜02. It leads to the
very clean signature 3ℓ + pmiss, ℓ = e, µ.
38 The Tevatron mass limit for
χ˜±1 , following from the non-observation of this reaction, is close to the LEP
limit. At the upgraded Tevatron the expected SUSY mass reach will be
mg˜ ≈ mq˜ ≈ 390 GeV, mt˜1 ≈ 180 GeV, mχ˜±
1
≈ 250 GeV, for an integrated
luminosity of 2 fb−1.
At LHC gluinos and squarks will be detectable up to masses of approx-
imately 1 − 2 TeV, as is illustrated in Fig. 5. The cascade decays of these
particles will play an important role.39 On the one hand they will give rise
to characteristic signatures, for example the same–sign dilepton signature
of gluinos. On the other hand, in the cascade decays the weakly interacting
charginos and neutralinos will appear whose properties can also be stud-
ied. If weak–scale SUSY is not found at the Tevatron, then the LHC is the
collider where it will be either discovered or definitely disproved.
The reach in the mSUGRA parameter space of an e+e− linear collider
with
√
s = 0.5 to 1 TeV will be be somewhat smaller than that of the
LHC (Fig. 5 (b)). However, due to the high luminosity and good energy
resolution expected an e+e− linear collider will be inevitable for precision
measurements, especially in the neutralino and chargino sectors. This will
enable us to determine very precisely the SUSY parameters and to recon-
struct the underlying theory.6,28,42 However, the signatures will be more
complicated than those at LEP, because also the heavier SUSY particles
will be produced which have cascade decays. This will lead to characteristic
events with several leptons and/or jets, and missing energy and momentum.
Inspecting again Fig. 1 it can be seen that already the precision data
obtained at the GigaZ mode of the linear collider (small ellipse) will pre-
sumably allow us to discriminate between the SM and the MSSM or another
extension of the SM. The present experimental errors (large ellipse) do not
allow to discriminate between the two models. In this figure the MSSM
band is obtained by varying the SUSY parameters in the range allowed by
the experimental and theoretical constraints. There is a small overlap of
the SM and MSSM bands (small intermediate band) for a light Higgs boson
(mh = 113 GeV) and a heavy SUSY spectrum.
5. Extra dimensions
A solution to the hierarchy problem can in principle be obtained by for-
mulating gravity in 4+ δ dimensions, where δ = 1, 2, 3, . . . are the so-called
“extra” dimensions,43,44 which are assumed to be compactified with a ra-
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Figure 5. (a) The reach of the LHC for various production channels of SUSY particles
in the the mSUGRA model for tanβ = 30, A0 = 0 and µ > 0, assuming 100 fb−1 of
integrated luminosity. The shaded regions are excluded by theoretical and experimental
constraints. From Ref. 40. (b) Reach of an e+e− linear collider with
√
s = 0.5 and 1 TeV
in the mSUGRA model for tanβ = 30, A0 = 0 and µ > 0. For comparison the reach
of the Tevatron assuming 10 fb−1 of integrated luminosity (for isolated trileptons) and
the reach of the LHC (in the “inclusive” 6ET channel) assuming 100 fb−1 of integrated
luminosity is shown. The dark shaded region is excluded by theoretical constraints. The
gray shaded region shows points where the relic density Ωh2 < 0.129 as preferred by
WMAP. The light shaded region is excluded by LEP2. From Ref. 41.
dius R (for a review see Ref. 45). In the model of Ref. 43 it is assumed
that SM physics is restricted to the 4-dimensional brane, whereas gravity
acts in the 4+ δ dimensional bulk. In 4-dimensional space-time the Planck
mass is MPl = 1.2 · 1019 GeV. In the (4 + δ)-dimensional space the corre-
sponding Planck mass MD is given by M
2+δ
D = M
2
Pl/R
δ. Assuming fur-
ther that the compactification radius R is many orders of magnitude larger
than the Planck length, R ≫ M−1Pl , R and δ may be adjusted such that
MD ≈ O(1 TeV). In this way the Planck scale is close to the electroweak
scale and there is no hierarchy problem.
As a consequence of the compactification Kaluza-Klein towers of the
gravitons can be excited. This leads to two possible signatures at an e+e−
linear collider. The first one is e+e− → γ/Z + Gn where Gn means the
graviton and its Kaluza-Klein excitations, which appear as missing energy
in the detector. The main background to this process is e+e− → νν¯γ,
which strongly depends on the e− beam polarisation. The second signature
is due to graviton exchange in e+e− → f f¯ , which leads to a modification
of cross sections and asymmetries compared to the SM prediction.
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